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Abstract

Synthetic biologists aim to construct novel genetic circuits with useful applications through rational design and
forward engineering. Given the complexity of signal processing that occurs in natural biological systems,
engineered microbes have the potential to perform a wide range of desirable tasks that require sophisticated
computation and control. Realising this goal will require accurate predictive design of complex synthetic gene
circuits and accompanying large sets of quality modular and orthogonal genetic parts. Here we present a
current overview of the versatile components and tools available for engineering gene circuits in microbes,
including recently developed RNA-based tools that possess large dynamic ranges and can be easily
programmed. We introduce design principles that enable robust and scalable circuit performance such as
insulating a gene circuit against unwanted interactions with its context, and we describe efficient strategies for

rapidly identifying and correcting causes of failure and fine-tuning circuit characteristics.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Microbes are capable of sensing a wide variety of
stimuli, processing information efficiently, and pro-
ducing a range of chemical and physical responses.
Genetic engineers have repurposed these impres-
sive capabilities to interrogate natural biological
signalling pathways [1] and have reprogrammed
cells to produce desirable compounds [2], to sense
and report on the presence of toxic metals [3] or
cancer [4], or to seek and destroy pathogenic
bacteria [5,6]. These state-of-the-art examples use
relatively simple signal processing networks com-
pared to complex native systems, hinting at the great
potential for designer organisms but also highlighting
how difficult it currently is to effectively and routinely
program synthetic gene circuits [7,8].

Synthetic biology has often adopted an electrical
engineering framework for the design of novel gene
networks: basic functional units are termed parts
[9,10] and can be connected to build circuits, input—

output responses are described as having analogue
or digital characteristics [11,12], and signal process-
ing is often implemented using Boolean logic
functions [13]. This conceptual framework is effec-
tive up to a point, but predictions of how gene circuits
will behave often fail when they are implemented in
living cells because of the many undefined, complex
and dynamic interactions that can occur between the
circuit and its context [14,15]. Functional circuits can
still be produced, using iterative cycles of testing and
refinement to correct failures, and strategies for
insulating parts from confounding contextual effects
are being developed [16,17], but the inability to
accurately model circuit behaviour remains a major
barrier to the construction of large gene circuits.
Another limiting factor for the construction of
complex synthetic gene circuits has been a lack of
large sets of appropriately characterised parts,
though this has changed in recent years [18-22].
Desirable properties of part families include speci-
ficity and orthogonality (strong interactions with
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cognate parts, without cross-talk), compatibility (can
be used in the same circuit), and composability
(possessing transfer functions that overlap with
other parts) [7]. Parts whose function can be
designed de novo are particularly amenable to the
creation of large orthogonal sets [18-20].

In this review, we describe the current tools and
principles available for microbial gene circuit engi-
neering (Table 1), starting with regulators of tran-
scription and translation, two major control points
that determine the levels of gene circuit components,
and their associated final outputs in a cell. Large sets
of orthogonal regulatory parts have been generated
[18—22], though recently developed RNA-based
tools show particular promise as effective, reusable
components for gene circuit engineering. The
specificity of RNA-based tools is defined by base-
pairing, making design conceptually simple and
amenable to computational modelling. Both the
CRISPR-dCas9 [19] and the toehold switch [20]
part families have dynamic ranges of over two orders
of magnitude and have few constraints on their
programmability. Tools for post-transcriptional and
post-translational signal processing are also dis-
cussed, including split inteins for protein splicing
[23], the use of scaffolds for coordination of
pathways [24], and memory elements [12,25].
Since gene circuits often do not function as expected
when they are assembled, we discuss how context
effects impact on circuit function [14,15] and how
circuits can be insulated against these effects
[16,17]. Finally, we look at practical strategies for
debugging and tuning circuits to meet design
specifications [8,26].

Tools for Engineering RNA Levels

Transcription is arguably the most important
control point for a gene circuit. It provides compre-
hensive regulation over the levels of each compo-
nent since not all RNAs go on to be translated. The
tools available for RNA-based signal processing are
increasing in number and capability [18—20,27]. The
vectoral nature of transcription gives rise to polar
effects, some of which can be useful (e.g., coordi-
nation of gene expression as a polycistronic RNA),
whilst others are undesirable (read-though of termi-
nators [28]). Control elements are more easily
composed at the DNA level [29], avoiding problems
that may be caused by secondary-structure forma-
tion in mRNA [16,30]. Regulation of transcription
affords an efficient use of cellular resources com-
pared to the downstream regulation of translation, as
energy and resources are not wasted on RNA
synthesis. Here we review and discuss the versatile
components, tools, and approaches available to
achieve transcription-based gene circuit design in
microbial cells. Most transcriptional regulation com-

ponents control the initiation of RNA synthesis, by
modulating RNA polymerase (RNAP) binding affinity
with the promoter DNA [31,32], stabilising initiation
complex formation [33], or controlling access to a
promoter [19,21].

RNAP binding

The nucleotides in a promoter sequence that
interact with the RNAP holoenzyme are fundamental
determinants of the transcription rate from that site.
Sequence-dependent binding occurs between the
o ’%-type factors and the —10 and - 35 (core) regions
to specify the initiation site, whilst the C-terminal
domains of the a subunits preferentially interact with
short tracts of repeated A or T nucleotides in the 30
base pairs upstream of the —35 region (the UP
element), influencing promoter strength [34]
(Fig. 1a). Various studies have explored how
changes to and between the —10 and —35 regions
influence o”°-type promoter strength [35,36], with
thermodynamic modelling of the binding energies
proving one useful predictor for promoter strength
[31]. An examination of the contribution of the UP
element to oF promoter strength revealed the
importance of RNAP concentration for models of
the full-length promoter: the influence of the UP
element decreased with increasing RNAP concen-
tration for promoters with a strong core sequence
and vice versa [37]. The sequence downstream of
the transcription start site can also influence tran-
scription rates; potentially interfering effects can be
avoided using a standardised 5’ untranslated region
(UTR) and a constant initiating nucleotide [17,38].
The libraries of promoter sequences created for
these studies and others [17,39,40] span a large
range of strengths, making them a useful resource
for biological engineers until fully predictive models
of promoter activity are built.

Protein transcriptional regulators

Activators

Classical activators used in gene circuit design,
such as LuxR [41], work by stabilising RNAP binding
to the promoter. Taking a different approach,
Rhodius and colleagues used part mining of extra-
cytoplasmic function o factors (ECFs) to build the
largest library of orthogonal protein transcriptional
activators available for use in Escherichia coli,
finding 20 ECFs and cognate promoters that show
low cross-reactivity [32]. These proteins function by
determining the specificity of RNAP for a given
promoter sequence, interacting at the —35 and —10
regions. The authors take advantage of this property
to produce synthetic chimeric ECFs, a strategy that
they estimate could produce a total set of approxi-
mately 160 orthogonal ECF/promoter pairs. ECF
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function can also be inhibited through their seques-
tration by an anti-o factor; thus, anti-o factors can be
used to lower the OFF state and tune the activation
of promoters (alter the cooperativity) by their cognate
ECF. Effective anti-a repressors of all 20 orthogonal
ECFs were identified, though some cross-reactivity
to non-cognate ECFs was observed. Rhodius et al.
characterise the dynamic range, response function,
and toxicity of the parts, making this a rich resource
for biological engineers.

Other useful transcriptional activators for use with
the native E. coli RNAP include three chaperone-
activator pairs (which can be used for AND logic)
[42], phage transcriptional activators [43], and the
HrpRS bacterial enhancer binding proteins [44]
(which can be used in combination with the
HrpS-inhibiting HrpV protein [45]). HrpRS activates
transcription from the a®*-dependent Phror promoter
in an ATP-dePendent manner [46,47]. Hence,
contrasting to o “°-dependent transcription, there is no
spontaneous open complex formation and Py, is not
recognised by the a’°-RNAP holoenzyme, which
renders the OFF state of the Pj,. promoter close to
zero, facilitating a digital-like response upon activation
[48].

T7 RNAP

The native E. coli RNAP is not necessarily required
for transcription: the phage T7 RNAP is a single-subunit
enzyme capable of high transcription rates, which
recognises promoter sequences that are orthogonal to
those used by the native E. coli RNAP. Promoter
recognition is determined by a “specificity loop” in the
enzyme, which a number of groups have modified to
produce variants that exhibit differing degrees of
selectivity to a given promoter sequence: highly
orthogonal sets [49,50] allow for modular control, whilst
cross-talk between other combinations of polymerases
and promoters could also be useful for differential
control of multiple genes [51,52]. The T7 RNAP coding
sequence can be split into parts that interact—either
spontaneously [51] or more stably via split-intein-me-
diated trans-splicing [23]—to form a functional enzyme.
T7 RNAP that is split into two enables basic AND logic
[23,51] or analogue addition functions to be incorpo-
rated into a gene circuit, though the enzyme can be split
into up to four sections [52]. Segall-Shapiro and
colleagues demonstrated the use of tripartite T7
RNAP as a “resource allocator”, where the expression
level of an N-terminal “core” enzyme fragment deter-
mines the total level of transcriptional resources
available, thereby setting an upper bound on the
metabolic load imposed on the cell by actively
transcribing synthetic gene circuits [52]. Differential
expression of C-terminal “0” domain fragments that
contain orthogonal specificity loops then controls the
distribution of the transcriptional resources across an
array of target promoters. Positive post-transcriptional

regulation of the total T7 RNAP transcriptional resource
level is achieved by splitting the core fragment further
into “a” and “B” subunits; expression of the a subunit
can then be titrated against the constitutively expressed
B subunit to control the amount of the holocore
fragment. Conversely, sequestration of the core
fragment using an inactive version of the g domain
enables negative regulation of total transcription.

Repressors

Transcription-repressing proteins most commonly
act by blocking RNAP access to the promoter
(Fig. 1a). A library of homologues of the DNA
binding protein TetR and their cognate operator
sequences was built by Stanton et al.,, and it
contains 16 orthogonal variants sourced from
sequence databases [21]. The response function
and toxicity of the repressors was characterised,
providing useful data for gene circuit design. The
authors note that, theoretically, a set of 130 orthogonal
variants for this repressor class exists [53]. A smaller
library of Lacl variants has also been produced [54],
which can be used for NAND logic at a promoter due
to the cooperative nature of Lacl-induced DNA
looping.

The DNA binding specificity of certain families of
proteins can be predicted and programmed [55,56]:
the DNA binding domain of transcription activator-like
effectors (TALEs) comprises multiple 34-amino-acid
repeats that each have two residues that interact with
the DNA major groove. Since the amino acid-nucleo-
tide recognition code is known, repeats can be
assembled to create a protein with predictable DNA
sequence-specific binding. TALE repressors are more
easily programmed compared to zinc-finger DNA
binding proteins [57,58], can be used for multiplexed
gene control [59], and have been shown to provide
over 100-fold repression of gene expression in E. coli
[60], but to date, they are a poorly represented class of
components in E. coli gene circuits. This may be due
to the relative difficulty in assembling the coding
sequence of the binding repeats—though high--
throughput methods have been developed for TALE
synthesis [61-63]—or possibly due to the emergence
of CRISPR-Cas9 technology.

Inducible control of transcription

Small-molecule control: Protein regulators

Transcriptional regulators that are controlled by
small-molecule inducers are indispensable to de-
signers of synthetic gene circuits, allowing simple
and often cheap external control over mRNA
production rates and facilitating cell-to-cell commu-
nication in the case of quorum-sensing molecules
[64]. A few “classical” regulators (usually proteins)
that sense inputs ranging from metabolites to metal
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Table 1. Tools for microbial gene circuit engineering.

Tool family Action References Notes

Control of RNA levels

Promoters (RNAP binding) Control of transcription initiation rate  [31,34-39] Activity can be reasonably well predicted
with thermodynamic models but is
sensitive to changes in adjacent

sequences
Transcriptional activators
Extracytoplasmic function o factors ~ Recruitment of RNAP to specific [32] 20 orthogonal ECF/promoter pairs
promoter sequences characterised, all with cognate anti-o
factors
HrpRS bacterial enhancer binding Recruitment of RNAP to specific [44,45,139,42,43]  HrpRS activate the 0°*-dependent Phrpts
proteins; promoter sequences ATP dependency gives a low OFF state
chaperone activators; phage for a digital-like response
activators
T7 RNAP Single-subunit phage RNAP [28,49-52] Variants that recognise orthogonal
recognises orthogonal promoters promoter sequences exist; protein

can be split to increase functionality

Transcriptional repressors

TetR homologues; Lacl variants DNA binding proteins (block promoter [21,54] 16 orthogonal TetR variants
binding by RNAP) characterised with up to 200-fold
repressive activity
TALE repressors DNA binding proteins with [59-63] Construction of TALE proteins is
programmable sequence relatively time consuming
specificity
Small-molecule inducible control of transcription
Riboswitches Cis-elements that control [70-74] Only a few small molecules can be sensed
transcription termination
UAA control of transcription UAA availability controls ribosome [78] Positive regulation is based on tna
stalling in a leader peptide operon control; negative regulation uses
trp operon attenuator
Optogenetics Light-sensing two-component [79-82] Can specifically detect red, green, or
systems blue wavelength

RNA control of transcription

pT181-based transcription A taRNA induces formation of a [85,86] Cis-elements can be concatenated
repression transcription terminator
STARs A taRNA disrupts formation of a [22] Up to 94-fold dynamic range
transcription terminator
tna adapter Transcriptional regulation via [88] 103-fold dynamic range when combined
translational regulation of tna leader with the 1S10 translational regulator

peptide synthesis

CRISPR-dCas9 transcriptional regulation

dCas9 transcription repression Repression of transcription initiation [19,33] Programmable sgRNA directs dCas9 to
or elongation specific sequences for 10%-fold
repression
dCas9:RNAP w transcription Recruitment of RNAP w subunit to [33] Largest impact observed with weak
activation promoter enhances transcription promoters
initiation

RNA degradation

Csy4 cleavage Csy4 endoRNase degrades target [16] Requires the Csy4 target sequence to be
mRNA encoded within the open reading frame

Self-cleaving aptazyme Ligand-responsive ribozyme [105] Modular design can incorporate different
encoded at the 3’ end of mMRNA aptamers

Control of protein levels

RBSs Control of translation initiation rate  [110-112,116,117] In silico modelling has good predictive
power
Orthogonal ribosomes Modified 16S rRNA initiates [118,119] Three additional orthogonal ribosomes
translation only from cognate are available
orthogonal mRNAs
Riboswitches mRNA secondary structure [121-123] A limited number of ligands can be sensed;
occludes the RBS in a temperature sensing is also possible

ligand-dependent manner
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Table 1 (continued)

Tool family Action References Notes
taRNAs
SRNAs Antisense RNA binds mRNA to block [124-126] Conceptually simple to design, can
RBS and promote degradation target native mRNAs
1S10 repression taRNA binds to cis-region of mMRNA [18] Many sets containing two to seven
to block RBS orthogonal pairs exist; requires
cis-element upstream of open reading
frame
Toehold switches Trigger RNA sequesters a branch of [20] Dynamic range of up to 600-fold
a translation inhibition hairpin in the activation; very few constraints trigger/
mRNA switch binding sequence
Protein degradation
(Inducible) ssrA-tagged SsrA tags target protein for [132,134,135] SspB chaperone activity can be induced
degradation degradation by ClpXP machinery to tune degradation rate
M. florum Lon degradation M. florum Lon protease is [136] Various steady-state and inducible
orthogonal to E. coli; modified tags degradation rates available
can be recognised by both ClpXP
and Lon
Beyond transcription and translational control
Protein splicing Split intein used to form a peptide [144] Two- and three-way splicing is possible
bond between two proteins
Protein cleaving Can be used to release a [148] Example uses the tobacco etch virus
sequestered factor protease
Protein scaffolds Protein binding domains used to [150,24,154] Stoichiometry and relative position on
immobilise and organise enzymes the scaffold can be controlled
RNA scaffolds CRISPR guide RNAs or [101,155] CRISPR guide RNAs can recruit
multi-dimensional RNA structures proteins to DNA; multi-dimensional RNA
as scaffolds for protein binding scaffolds spatially organise metabolic
pathways
Inducible association of proteins  Target proteins are fused to [134,156-158] Interacting domains that respond to
signal-responsive interacting domains small molecules or light are available
DNA modification for memory
Recombinases Recombinases flip a section of DNA [162-164] Memory elements can be nested or

Retron-encoded analogue
memory
genome at a replication fork

ssDNA produced in response to a [25]
signal is incorporated into the

concatenated; excisionases can be
employed to reverse DNA flipping

DNA changes can be targeted to any
unique sequence in the genome;
recombination frequency is proportional
to ssDNA expression level

ions are widely employed, though future complex
gene circuits will require a larger number of inducible
transcription regulators that are orthogonal to each
other and the cell's metabolism (i.e., low toxicity, low
cross-talk with endogenous regulators, unrespon-
sive to endogenous metabolites). Whilst some
existing protein regulators have been adapted to
work in new contexts, for example, by rational
modification of the DNA binding specificity [65] or
constructing chimeric proteins through the fusion of
different sensing and DNA binding domains [66], the
variation in natural mechanisms of inducer binding
and conformational change makes scalable, modular,
and predictive design of new regulator proteins difficult
(RNA sensors of small molecules will be discussed
later). For example, computational redesign of the
QacR binding pocket was recently used to expedite
an in vitro screen of new transcriptional regulators
responsive to vanillin, but the best variants had a low
dynamic range (ON:OFF ratio less than 10) [67].

In the absence of a characterised sensing system for
a metabolite of interest, it may be possible to find native
promoters that respond to the molecule via global
transcript profiling. Dahl et al. pioneered this approach,
using microarrays to identify promoters that are
differentially activated in response to the toxic interme-
diate farnesyl pyrophosphate in the isoprenoid biosyn-
thesis pathway [68].

Small-molecule control: Riboswitches

Small-molecule control over transcription can also be
achieved using riboswitches. These structures in the 5’
UTR of an mRNA contain a regulatory domain that
undergoes restructuring upon ligand binding to an
adjacent aptamer domain. The resulting structural
change may either repress or activate transcription
[27,69]. Cis-elements that control the formation of a
transcription terminator hairpin have been demonstrat-
ed in E. coli that are responsive to, for example,
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theophylline [70], guanine [71], and S-adenosylmethio-
nine [72], albeit with fold changes of less than two
orders of magnitude. Riboswitch engineering has
produced aptamers that sense unnatural compounds
that are orthogonal to the cell's metabolism [73,74],
though the variety of ligands sensed by riboswitches is
limited in general [69]. In vitro screening and selection
methods for aptamers with novel binding properties are

well established [75], but further development of
complementary experimental [76] and rational design
[71,72] strategies for transferring these properties into
effective in vivo riboswitches is required [77].

Liu et al. demonstrated a scalable design for
small-molecule control of transcription, using unnat-
ural amino acid (UAA) concentration to either
positively or negatively regulate the transcription of
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downstream genes [78]. Both activating and repres-
sing control regions feature a leader peptide gene
containing UAA codons; if the corresponding UAA-
charged tRNA is absent, the ribosome will stall. The
positively regulated design, based on the itna
operon, then features a Rho transcription termination
sequence ahead of then the regulated genes; if the
leader peptide is translated without ribosome stalling
(UAAs available), the Rho binding site is blocked,
and translation of downstream genes occurs. The
negatively regulated design, based on the trp operon
attenuator, replaces the Rho binding site with a
structured RNA region that forms a transcription
termination hairpin if the leader peptide is translated
without stalling. These designs are scalable, being
programmed by the type of UAA incorporated in the
leader peptide, and possess 10- to 100-fold dynamic
ranges in their output.

Optogenetics

Light is an orthogonal signalling medium for many
bacteria and is of particular interest for industrial
applications where the addition of a chemical inducer
is expensive or would contaminate the product.
Red-light-sensing and green-light-sensing transcrip-
tional activating systems that can work in tandem
have been engineered, using the chimeric
Cph1-EnvZ/OmpR (red) [79,80] and the unmodified
CcaS/R (green) [81] two-component histidine kinase
signalling pathways. Additionally, the blue-light-
responsive YF1/FixJ two-component system has
been engineered into light-activating and light-
repressing configurations [82].

RNA control of transcription

A major strength of RNA-based parts for gene circuits
is that they are amenable to in silico design: thermo-
dynamic models are able to make good predictions of
the secondary structure of, and interactions between,
small trans-acting RNAs (taRNAs) and their cognate
cis-elements [27,83,84]. The simple composition of
RNA aids design but is also a relative weakness:

proteins are more chemically diverse and consequently
may be able to interact with a more diverse set of
ligands and with a greater span of binding affinities [27].
Protein-based regulators generally exhibit greater
dynamic ranges and stronger levels of repression and
have longer half-lives [27]. However, the larger
sequence and chemical diversity of proteins makes
their interactions much more difficult to model com-
pared to RNA; consequently, RNA-based part families
are likely to be preferred for the construction of complex
large gene circuits in the near future [27,84].

With regard to transcriptional control, a number of
variants of the pT181 transcription attenuation system
have been developed for gene circuit control in E. colf:
the native pT181 mechanism uses a structured 5" UTR
that forms a hairpin, normally allowing transcription
elongation; a “kissing loop” interaction of a hairpin on
the taRNA with the 5 UTR hairpin promotes the
formation of a downstream transcription terminator
stem-loop structure [85] (Fig. 1b-i). Lucks and co-
workers altered the terminator stem of the native
system to increase the dynamic range of repression
to five-fold and created three orthogonal hairpin/taRNA
pairs by mutating the loop of the control hairpin [85].
Another 11 pairs were created in a later study using
chimeras with hairpin elements from taRNA-controlled
translational regulators [86]. Multiple regulators can be
placed upstream of a coding region to create NOR logic
or improve repression [85]. A further adaptation of the
system introduced a small-molecule-sensing aptamer
to the taRNA that interferes with the interacting hairpin
in the ligand-unbound state; binding of the ligand frees
the taRNA hairpin to interact with its cognate loop on
the 5" UTR hairpin region and inhibit translation [87]
(Fig. 1b-ii). The design is modular and able to integrate
different aptamers as long as the structure is known
[87].

Recent work on the pT181 system has adapted it
to enable taRNA activation of transcription, by
changing the default secondary conformation to a
stable transcription terminator. Small transcription
activating RNAs (STARs) have been engineered to
disrupt the terminator, either indirectly via interaction
with an upstream hairpin structure or through direct

Fig. 1. Tools for engineering transcriptional control. (a) Key regions for transcriptional control at a promoter. RNAP binds the
promoter via a”° interactions with the — 10 and — 35 regions; additional interactions take place between the a subunit C-terminal
domains and the UP element. Binding regions at —12 and —24 for the alternative g>* factor are indicated below. Effective TetR
repression requires disruption of transcription initiation by preventing RNAP binding and open complex formation [21].
CRISPR-dCas9 can block transcription initiation or elongation—repression is most effective when preventing o factor binding or
blocking RNAP progressing at the start of the transcript (grey line, darker colour indicates more effective repression) [19,33]. (b)
Control of transcription by taRNAs: (b-i) the native pT181 cis-element allows transcription by default; the presence of a cognate
taRNA induces the formation of a transcription terminator hairpin; (b-ii) the pT181 taRNA can be engineered to contain an
aptamer—ligand binding releases internal pseudoknot interactions, allowing taRNA binding to the cis-element and repression of
transcription [87]; (b-iii) direct-acting STARs sequester one branch of a terminator hairpin, activating transcription. (c) Features of
CRISPR-dCas9 transcription repression. (c-i) The 20 nucleotides at the 5" end of the sgRNA (red) is responsible for DNA binding;
the first eight nucleotides are not essential for specificity (blue bar, darker indicates more tolerant); a guide length of 20 nucleotides
is optimal—repression is negligible using 11 nucleotides or fewer (green bar, darker is more tolerant). (c-ii) DNA target (orange)
binding by the sgRNA-dCas9 complex requires initial recognition of the adjacent PAM sequence (purple) in the DNA.
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sequestration of one branch of the terminator stem
[22] (Fig. 1b-iii). This positive regulation configura-
tion of the pT181 system exhibits a higher dynamic
range (94-fold) compared to the repressor and is
equally amenable to concatenation for the creation
of layered logic gates.

taRNAs have also been incorporated into a
modular regulator based on the previously de-
scribed regulation of transcription via control over
tna leader peptide translation [88]. The leader
peptide functions as a modular “adapter”, allowing
a number of both negative and positive translation
regulation mechanisms to be used to control
transcription, including the IS10 RNA-IN/RNA-OUT
motif [18] that allows for nearly three orders of
magnitude of transcriptional repression [88]. Multi-
ple tna adapter units can be combined to control a
single transcriptional output, though Csy4 process-
ing is required to allow proper folding of RNA-IN
cis-elements.

CRISPR-dCas9 control of transcription

Clustered regularly interspaced short palindromic
repeat (CRISPR) systems recognise, remember, and
destroy foreign nucleic acids, acting as immune
systems in their hosts to defend against invading
phage and plasmids [27,55,89]. Natural CRISPR
systems comprise a set of DNA-encoded target
sequences—the CRISPR array—which are tran-
scribed and processed into guide RNAs. These
RNAs target CRISPR-associated proteins to comple-
mentary sequences that are cleaved, allowing the
specificity of CRISPR-associated protein binding to be
programmed by modifying the sequence of the guide
RNA. It is this function that makes adapted CRISPR
systems such attractive tools for genetic engineering.
The Cas9 protein from the Streptococcus pyogenes
type Il CRISPR system has been widely applied as a
minimal functional unit for the recognition and cleavage
of target double-stranded DNA for genome engineering
[90-94] and in its mutant endonuclease-inactivated
form dCas9 as a DNA binding protein [19,33]. Cas9
requires both a guide RNA and a tracrRBNA (trans-acti-
vating CRISPR RNA) to function; the guide RNA can be
expressed either as a crBNA (CRISPR RNA) as it is
from the CRISPR array or as a fusion to the tracrRNA
known as an sgRNA (small guide RNA) [95] (Fig. 1c-i).
Target sequences must be directly downstream of a
three-nucleotide “NGG” protospacer-adjacent motif
(PAM) for recognition and cleavage to occur [96]
(Fig. 1c-ii). Two recent efforts have produced split
versions of Cas9 to achieve increased functionality:
reformation of the functional enzyme can be mediated
by small-molecule binding for rapid induction [97] or by
using the sgRNA as a scaffold [98]. Here we will
consider the use of dCas9 in bacterial transcriptional
regulation.

CRISPR-based repression of transcription uses
dCas9 to block RNAP access to a promoter or prevent
transcription elongation—a property that most other
repression mechanisms do not have, allowing tran-
scription of downstream genes in a polycistronic unit
to be selectively knocked down. The highest repres-
sion is achieved by targeting dCas9 to the transcrip-
tion initiation region (especially the —35 box [19,33]) or
the antisense strand close to the start of a target gene
if preventing transcription elongation [19]. Repression
is highly effective, up to 1000-fold when targeting a
gene with two sgRNAs [19], and tuning of repression
is also possible though the introduction of mismatches
between the guide and target sequences or truncation
of the guide [19,33]. The 12 bases of the guide RNA
adjacent to the PAM are the minimal requirement fo